A novel X-ray technique is described for carrying out structural investigations of metallic nanoparticles buried in glass obtained by ion implantation. The method consists of maximizing the scattering contribution of the cluster-rich layer by working at the critical angle for total external re¯ection at the implanted-layer± substrate interface. By using the refracted beam as a probe, the diffraction pro®le of the metallic clusters in very dilute samples can be extracted by a simple subtraction procedure. The new procedure is applied to SiO 2 glasses implanted with Ag ions. The study was performed at the European Synchrotron Radiation Facility. The results indicate that a complete structural investigation can be performed by using highly collimated, very intense synchrotron radiation beams, a grazing-incidence geometry and two-dimensional detectors. The procedure is shown to be very useful for complementing the information from electron techniques (transmission electron microscopy, micro-beam electron diffraction) and X-ray spectroscopic (EXAFS) methods. In particular, the accuracy of the latticeparameter determination is shown to be a factor of nine better than the accuracy of EXAFS results. n 1 À À i 1 where and are the real and imaginary parts of the correction term, respectively. In particular, grows with the local electronic density (Parratt, 1954) . When an X-ray beam (i) impinges on a smooth surface at an incidence angle i , it splits into a transmitted part (t) and a re¯ected (r) part, as shown in Fig. 1 . The angles i and 234
Introduction
Composite systems consisting of metallic nanoparticles embedded in glass have recently attracted great interest in the ®eld of optoelectronics because of their nonlinear optical behaviour (Mazzoldi et al., 1996) . Ion implantation is an interesting technique to obtain clusters in glass because it is a well controlled process and technologically exploited by the semiconductor industry. Structural investigations on small metallic particles embedded in glass are routinely performed by transmission electron microscopy (TEM) coupled with micro-beam electron diffraction. In this case, structural information, even on a single particle, is obtained at the expense of delicate and time-consuming sample preparation.
A novel X-ray technique has been developed in order to overcome experimental problems in relating to sample preparation and limited particle statistics. X-ray structural investigations are mainly based on absorption spectroscopy (XAS) and diffraction. The former is more suited for probing dilute systems, but it provides only spherically averaged information about the local environment around the absorbing atom and the precision of the ®rst-shell coordination distances is commonly around AE 0.02 A Ê (Lee et al., 1981) , which is at least one order of magnitude worse than that potentially obtainable by diffraction. On the other hand, conventional X-ray diffraction methods cannot be used for such systems because of the dominating substrate contribution to the scattering, the quantity of metal ions deposited in the glass being equivalent to a few monolayers of ®lm. In order to overcome this limitation, we have used a new grazing-incidence method coupled with very intense highly collimated synchrotron radiation beams and two-dimensional detectors. We have succeeded in carrying out a complete structural characterization of clusters in glass obtained by a single ion implantation. A preliminary study on Cu-implanted SiO 2 glass has been presented elsewhere (d' Acapito et al., 1998) , while a similar approach has been developed recently for small-angle X-ray scattering investigations (Naudon & Thiaudie Á re, 1997) . In this paper, we present the experimental details of this new technique, the steps in the data analysis and provide an estimate of the precision of the various structural parameters that can be derived.
Theoretical bases
The new method is based on the total external re¯ection of X-rays from smooth surfaces. In the X-ray regime, the index of refraction n of a material is given by (Parratt, 1954) t are linked through the conservation of the tangential component of the electric ®eld at the interface (Snell's law) n 1 cos i n 2 cos t 2
where n 1 1 (air) and n 2 (1). For small values of i (X-ray regime) we can expand the cosine terms, giving
Introducing the critical angle c 2 1a2 , for i < c and ( the z component of the propagation vector becomes purely imaginary while the parallel component remains real, i.e. we obtain a wave propagating parallel to the surface exponentially damped in the z direction (evanescent wave). De®ning the penetration depth Z 0 as the depth in the glass where the ®eld intensity is reduced by 1ae, Z 0 is given by (Parratt, 1954) Z 0 2 1a2 !a4%f 2 i À 2 2 4 2 1a2 À 2 i 2g À1a2 X 4
In the typical behaviour of Z 0 i (see Fig. 2 ), two regimes can be distinguished: (i) an absorption-limited regime ( i ) c ) where the penetration depth is determined by the material absorption ", Z 0 9 sin i a", and (ii) a total-re¯ection regime ( i ( c ), Z 0 !a4% c , where Z 0 is independent of i . Typical values of Z 0 are in the 10±100 A Ê range, showing that the total-re¯ection condition permits investigation of an extremely thin layer of material. The depth concentration of implanted species in a matrix is roughly Gaussian, with centre R p (or projected range) and full width at half-maximum ÁR p (or straggling range) that depend on the nature and energy of the implant as well as on the matrix itself. The concentration pro®le can be calculated by a Monte Carlo simulation of the implant process (Biersack & Haggmark, 1980) , as shown in Fig. 3 .
When the electron density of the implanted layer is higher than that of the matrix, it is possible to con®ne the probe beam in this zone by exploiting the re¯ection properties of the X-rays. From the point of view of the re¯ectivity, this system can be schematized with a simple model consisting of a three-layer system: an SiO 2 surface layer, a metallic Ag ®lm and an SiO 2 substrate. Fig. 4 shows the simulated re¯ectivity of a 90 A Ê metallic Ag ®lm buried in an SiO 2 matrix compared with (i) an SiO 2 surface and (ii) a metallic Ag surface (see the caption to Fig. 4 for calculation details). Up to about 0.06 (zone A), the re¯ectivity is roughly equal to 1 and the impinging beam is re¯ected by the surfacial SiO 2 layer. Between 0.06 and 0.15 (zone B), the beam penetrates the glass layer and is re¯ected at the glass±Ag interface. In this region, interference effects are also visible as oscillations superimposed on the smooth curve. Above 0.15 (zone C), the beam also penetrates the substrate. It is important to point out that in the intermediate region (zone B), the refracted beam is con®ned in the metallic layer, providing a tool for structural investigations at controlled depth. 
Set-up and experimental method
The experiments were performed at the European Synchrotron Radiation Facility on beamline ID9. This beamline, exploiting the radiation from an undulator source, can provide a 10 (h) Â 25 (v) mm monochromatic beam at around 27 keV with an intensity in the 10 10 photons s À1 region (Schultze et al., 1998) . Investigations were performed on an SiO 2 substrate of 1 mm thickness implanted with Ag ions at a dose of 5 Â 10 16 atoms cm À2 and at an energy of 65 keV. As a ®rst step, the incident wavelength ! and the sample-to-detector distance D were calibrated by using a standard Si reference powder. The resulting ! and D values were 0.4555 (1) A Ê and 342.63 (5) mm, respectively. The sample was then mounted vertically on the goniometer head used for high-pressure experiments. This set-up has high-precision translation and rotation stages, allowing sample alignment at the sub-micrometre level with respect to the beam and to 10 mrad precision with respect to the angle. Beam stability was of the same order. A sketch of the experimental set-up is shown in Fig. 5 . In order to determine the optimum incidence angle (zone B in Fig. 4) , re¯ectivity measurements were made by scanning while collecting the re¯ected beam with a large-area photodiode. This procedure, although not suited for accurate measurements in the sense of standard X-ray re¯ectometry, proved to be quite effective for sample alignment. The experimental re¯ectivity curve from a 65 keV, 5 Â 10 16 atoms cm À2 Ag-implanted SiO 2 glass is shown in Fig. 6 and qualitatively agrees with the previous simulation (bold curve). The drop in re¯ectivity at very small angles is due to the limited sample length compared with the beam footprint. After having determined the working incidence angle, the imaging plate (IP) is placed before the photodiode to collect the scattering pattern. The integration time was kept ®xed at 60 s and proved to be largely suf®cient to give a good signal-to-noise ratio for the subsequent analysis with no need of multiple exposures. A typical two-dimensional diffraction pattern is shown in Fig. 7 . The signal from the clusters is visible as sharp rings superimposed on a smooth background due to the glass amorphous scattering. The intensity along the diffraction rings is constant, indicating a random distribution of the crystallite orientation. The use of a two-dimensional detector presents noticeable advantages. First of all it permits collection of a major part of the total diffraction ring, thus enhancing the counting statistics. Moreover, the bidimensional information can reveal the presence of preferred orientations relative to the substrate surface.
The scattering intensity pro®les versus the scattering angle 2 are then obtained by an azimuthal integration over the darker half of the pattern centred on the direct beam pattern, and according to the calibrated sampleto-IP distance. All these steps of data treatment are performed using the Fit2D software (Hammersley et al., 1996) . Particular care is paid to obtain the direct and re¯ected beam marks on the IP after the exposure in order to check the incidence angle . An agreement within 10% is found between this method and the mechanical alignment. In order to evidence the surface sensitivity of this technique, we present here as an example the case of the Ag-implanted glass described previously (Fig. 8) . Diffraction patterns were collected at various working points on the re¯ectivity curve on a FUJI-A3¯at IP placed at about 340 mm from the sample (corresponding to the regions A, B and C in Fig. 6 ). The diffractogram A was taken under the total re¯ection condition, i.e. with the probe beam (the refracted beam) penetrating the surfacial SiO 2 layer only. The signal consists of the typical silica scattering pattern. Raising the incidence angle to point B the incident beam is re¯ected by the Ag-rich region and the probe beam propagates in the implanted layer. Actually, the implanted region consists of an inhomogeneous phase of Ag clusters embedded in SiO 2 , so it is not strictly correct to speak about a`re¯ection from an interface'. However, the observed behaviour of the specular re¯ectivity is very similar to that which is expected from a rough surface (Fig. 6) , so that the approximation is justi®ed. In this condition, a noticeable signal from metallic clusters appears superimposed on the smooth glass background. Setting the glancing angle at point C, beyond the critical angle for the Ag±glass interface, the beam penetrates the glass substrate and the clusters become less visible. By collecting a spectrum in normal transmission geometry, the cluster signal is totally lost because of the large glass contribution to the scattering. This demonstrates the capability of the technique to extract information from a super®cial zone and from a very diluted sample.
Data analysis
The integrated scattering pattern contains both the glass and the cluster contributions and is not suitable for a direct analysis. First of all, the glass background has to be subtracted from the spectrum B; for this we use the spectrum taken under the total-re¯ection condition, A. This step needs some care for two reasons. Firstly, due to the very low grazing angle in spectrum A (about 1 mrad), the sample-to-detector distance D is very sensitive to small beam drifts (D may vary by 1 mm if the beam drifts horizontally by 1 mm) and an angle rescaling may be necessary. Secondly, the Ag-¯uorescence contribution is added to the scattering in the case of spectrum B and a background of the form 1a1 cos 2 2 has to be subtracted to compensate for the polarization correction performed by the image treatment program. The difference spectrum is then reduced to a¯at background by standard baseline subtraction routines (Sonneveld & Visser, 1975) . The result of the scaling procedure is shown in Fig. 9(a) and the subtraction result in Fig. 9 (b) . Ten main peaks are clearly visible from the face-centred cubic (f.c.c.) phase of the Ag clusters, with the noise level much lower than the peak intensity. The diffraction lines can be ®tted as pseudo-Voigt functions (Hastings et al., 1984) in which the Gaussian contribution À G to the line widths is dominated by the geometrical resolution due to the long beam footprint l at the sample surface,
while the Lorentzian contribution À L comes mainly from particle size broadening effects and it is related to the cluster size through the Scherrer formula À L K!aS cos 6
where K=1 and S is the size of the particles (in A Ê when ! is in A Ê ). Even though a sin [equation (5)] of the Gaussian contribution is not implemented in common Rietveld re®nement programs, this broadening effect can be accounted for by assigning the average value for the tan coef®cient in the collected angular range to the U term in the Caglioti formula (Caglioti et al., 1958) . The variation of this term is less that 5% and typical values of the Gaussian broadening are around 0.2±1.0 for a sample of 10 mm length at 340 mm from the IP. The Ag-implanted sample has been studied quantitatively in order to assess the capability of the technique to retrieve structural parameters. After the background subtraction procedure described above, the diffractogram was ®tted with a series of pseudo-Voigt peaks. From the positions of the peaks, corresponding to the re¯ection from well-known planes of the f.c.c. structure, values of the lattice parameter a 0 were extracted. The uncorrected set of a 0 values shows an average monotonic dependence on the angle . This effect is mainly related to the change in the sample-to-IP distance D due to the aforementioned horizontal beam instability which produces a modi®cation of the scale. It can be corrected by considering the linear relationship between the root of the summed squares of the Miller indices and the sine values of the corresponding Bragg angles, !h 2 l 2 m 2 1a2 2a 0 sin new hYlYm X 7
In the case of a perfect absolute determination of the scale, the intercept has to be zero. Under the hypothesis of negligible peak shifts due to structural effects, we can allow D to change by an amount ÁD in order to minimize . The axis is then rescaled according to new inv tan tan old 1 ÁDaD
Typical optimal values of ÁD are of the order of AE1 mm, and a 0 shifts with respect to the unmodi®ed value are of the order of 0.01 A Ê . In the case of the total-re¯ection condition at the Ag-rich layer (pro®le B), ÁD is found to be 1.4 mm and the resulting a 0 parameters are shown in Table 1 . The set of values gives a mean a 0 of 4.078 A Ê , with standard uncertainty ' a 0X002 A Ê , which is a good value considering the relatively poor resolution (broad diffraction lines) of our measurements. The correctness of our results is also con®rmed by the analysis of the diffractogram taken above the total-re¯ection condition (pro®le C), in which the uncertainty of D is much lower ( 0.3 mm). Here we ®nd a 0 4X077 (3) A Ê , which is in very good agreement with the previous value. In order to obtain an estimate of the cluster size, we have also tried a Rietveld re®nement (program GSAS; Larson & Von Dreele, 1985) of the B spectrum; the result is shown in Fig. 10 . The re®nement gives a 0 4X077 A Ê , in agreement with the previous determinations, and yields a mean particle size of 133 A Ê .
It is worth pointing out that the model does not ®t the data perfectly [RF 2 18%], especially in the region of the ®rst two peaks. This peak amplitude mis®t has been described in the literature (Martorana et al., 1992) for Pd nanoparticles and was corrected by considering the stacking faults. Moreover, the broad cluster size distribution has to be accounted for, considering that the diffraction from the smaller clusters may alter the tails of the strongest peaks.
In conclusion, it is therefore reasonable to assign the mean value of 4.077 (3) A Ê to the lattice parameter of the Ag clusters. This value is contracted by 0.009 A Ê (0.2%) with respect to the bulk value (4.0862 A Ê ); this is a wellknown effect for small clusters due to the surface stress on the particle (Mays et al., 1968 ). If we consider the bulk compressibility for silver, 9X6 Â 10 À13 cm 2 dyn À1 , and the surface stress value, f 2286 dyn cm À1 , derived in a previous EXAFS investigation on small Ag clusters (Montano et al., 1984) , the expected contraction of the lattice parameter is 0.0092 A Ê , which is in good agreement within the quoted error bars of the experimental observation. This also shows the complementarity of the technique with EXAFS, permitting, in the case of nanometre-sized clusters, a better determination of the lattice parameter by roughly a factor of nine.
Conclusions
In this paper we have presented a new experimental method, based on X-ray diffraction, for the structural investigation of small metallic particles embedded in glass. This technique has the advantages that it is nondestructive and averages the information over a macroscopic quantity of particles. On the other hand, it needs the intense and small-sized beams of thirdgeneration synchrotron radiation sources. The technique is based on the enhancement of the sensitivity achieved by working at an incidence angle just above the critical value for total external re¯ection at the air±glass interface. Using a two-dimensional detector, we succeeded in taking full diffractograms in the minute time scale. The two-dimensional diffraction pattern allows the detection of preferred orientations of the crystallites. In addition, the azimuthal integration permits the achievement of a noise signal that is much lower than the one resulting from radial integration. From the background-subtracted pro®les, the cell parameters can be retrieved with good accuracy (AE0.003 A Ê ). A complete example of data treatment has been presented for an Ag-implanted silica glass to describe all the steps of the quantitative analysis. 10 . Rietveld re®nement of the diffractogram B (see text for details). The small peak at $13.3 , not due to metallic silver, belongs to an undetermined crystalline phase in the matrix.
